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Abstract. An integrated approach has been de-
veloped to study radio signals induced by cosmic
rays entering the Earth’s atmosphere. An engineering
array will be co-located with the infill array of the
Pierre Auger Observatory. Our R&D effort includes
the physics processes leading to the development
of radio signals, end-to-end simulations of realistic
hardware configurations, and tests of various systems
on site, where coincidences with the other detector
systems of the Observatory are used to benchmark
the systems under development.
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I. INTRODUCTION
Results from the Southern Pierre Auger Observatory
as well as the baseline design of the Northern
Observatory [1] point to the need of very large aperture
detection systems for ultra-high energy cosmic rays
(UHE CRs); see, e.g., Ref [2]. There are a number
of worldwide efforts to develop and establish new
detection techniques that promise a cost-effective
extension of currently available apertures to even larger
dimensions. These are, for example, the observation
from space of fluorescence emission by showers or the
use of large arrays of radio antennas.
The detection of radio emission induced by high-energy
and ultra-high-energy cosmic rays hitting the Earth’s
atmosphere is possible because of coherent radiation
from the extensive air shower at radio frequencies.
This radiation, which is emitted by secondary particles
created in the air shower, can be measured with simple
radio antennas, as was demonstrated first by Jelley in
1965 [3]. Recently, improved technology has led to a
revival of this technique. Radio detectors, like LOPES
and CODALEMA produce promising results at energies
beyond 1017 eV [4], [5].
With its nearly 100% duty cycle, a signal-to-noise
ratio scaling with the square of the cosmic-ray energy,
its high angular resolution, and its sensitivity to the
longitudinal air-shower evolution, the radio technique
is particularly well-suited for detection of UHE CRs
in large-scale arrays. Therefore, we are performing an
R&D project to study UHE CRs using the detection
of coherent radio emission from air showers in the
Earth’s atmosphere. The project, called AERA (Auger
Engineering Radio Array), will have a dimension of
about 20 km2. For such an area we expect an UHE
CR rate of about 5000 identified radio events per year.
This data set will be used to address both scientific
and technological questions. At the same time, the
scale of such an array is large enough to test concepts
for the deployment of hardware, for the operation of
hardware and software, and to monitor the sustainability
of critical parts of the whole system for a much larger
array.
Fig. 1: Locations of the radio setups at the southern
Observatory. Existing setups are located near the BLS
and the CLF; the future AERA is near Coihueco.
AERA will fulfill three science goals which are not
independent from each other, but have to be tackled
sequentially in the time of operation and analysis and in
close conjunction with data from the baseline detectors
of the Observatory [6] and the enhancements AMIGA[7]
and HEAT [8]. They are all located in the north-eastern
part of the Observatory near the Coihueco fluorescence
building, see Fig. 1. The three science goals are listed
below.
1) Thorough investigation of the radio emission from
an air shower at the highest energies. This includes
the understanding of all the dependencies of the
radio signal on general shower parameters and
on the shower geometry. By this a better insight
into the underlying emission mechanism will be
possible; the question has to be answered which
is the theory of choice and to which level one has
to consider additional effects [9].
2) Exploration of the capability of the radio-detection
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technique. Determination of the extend and accu-
racy of stand-alone radio-detection to provide in-
formation on the most important physics quantities
of UHE CRs: primary energy, primary mass, and
arrival direction.
3) Composition measurements between 1017.4 and
1018.7 eV where we expect the transition from
galactic to extragalactic origin of cosmic rays.
With super-hybrid measurements at the AMIGA
site [7], AERA will contribute with a worldwide
unrivaled precision to the study of the cosmic-ray
energy spectrum and composition in the energy
range of the transition .
AERA will be co-located with AMIGA, which is over-
looked by the HEAT detector. These enhancements of
the Observatory provide worldwide the only possibility
to study the details of radio emission from air showers
in a timely manner.
II. PRESENT STATUS OF THE PROJECT
Initial measurements have been made showing that
indeed radio detection of UHE CRs can be performed
at the southern site of the Auger Observatory with a
setup near the BLS, another one near the CLF (see
Fig. 1). Still the number of radio events in coincidence
with its Surface Detector Array (SD) is relatively
small, mainly because of the relatively small scale
of the radio detector arrays used. A description of
the setups used is presented in Ref. [10]. Here we
list some of the initial results and present a short
description of these setups. One setup consists of
three dual active fat dipole antennas, mounted near
the CLF in a triangular configuration with a baseline
of 139 m. With this setup, self-triggered events are
being recorded and using GPS time stamps, they are
compared to events registered with the SD Array of
the Observatory. The other setup, located near the
BLS, uses dual logarithmic periodic dipole antennas
and is triggered externally using a set of two particle
detectors. Also in this case the Radio-Detection Stations
are mounted on a triangular grid; here the baseline is
100 m. Both setups measure the electric field strength
in two polarization directions: east-west and north-south.
Several coincident events between SD and externally
triggered Radio-Detection Stations located near the BLS
have been recorded [11]. In 27 cases we have recorded
simultaneously in three different Radio-Detection
Stations a coincidence with the SD. This allowed
us to compare in these cases the arrival direction as
determined by our Radio-Detection Stations with that
from SD. The histogram in Fig. 2 displays for 27 events
the measured angular difference between the arrival
direction as determined with SD and as determined by
our three Radio-Detection Stations. Using a Rayleigh
function, the 68%-quantile of the distribution of
the angular difference has been determined to be
(8.8± 1.0)◦. In most events, the number of SD stations
used in the event reconstruction was 3 or 4. The angular
resolution for these type of SD events is about 2.0◦
and can thus be neglected. The major contribution to
the angular uncertainty is the relative small distance of
100 m between the Radio-Detection Stations compared
to the timing accuracy obtained (about 3 ns).
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Fig. 2: Plot of the angular difference between the arrival
direction of observed air showers using data from the
Surface Detector Array and from the Radio-Detection
Stations near the BLS. The histogram indicates the data
obtained for 27 events; the dashed line is a fit through
these data using a Rayleigh function; see text for details.
The sky distribution of radio events observed with the
setup near the CLF and in coincidence with the SD
Array is presented in Fig. 3. As expected we observe
that the efficiency for the observation of cosmic rays
with the SD Array does not depend on the azimuth
angle. The sky plot of the observed radio events,
however, is highly asymmetric with a large excess of
events arriving from the south: this represents more than
70% of all events. This observed asymmetry provides
further support for the geomagnetic origin of radio
emission by air showers and has been observed before
in the northern hemisphere [12]. The Earth’s magnetic
field vector at the site of the Pierre Auger Observatory
makes an angle of about 60◦ with respect to the zenith
and its azimuthal angle is 90◦ (i.e. north). This is
indicated as the cross in Fig. 3. In the geomagnetic
model, electric pulses will be strongest if the shower
axis is perpendicular to the magnetic field vector. And
for these observed events the trigger for radio detection
was a simple pulse-height threshold on the radio signal,
which explains why we detected more events coming
from the south than from the north.
Studies with solitary systems have been performed.
These systems are powered by solar energy, have
a wireless connection to a central DAQ system, and
operate in self-trigger and/or externally triggered modes.
Special attention has been paid to reduce self-induced
noise caused by DC-DC converters and by digital
electronics. With this system self-triggered events have
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Fig. 3: Sky map of 36 radio events registered with the
autonomous system in coincidence with the SD Array
in local spherical coordinates. The zenith is at the center
and the azimuths are oriented as follows: 0◦ east, 90◦
north. The geomagnetic field direction in Malargu¨e is
indicated by the cross.
been obtained. However, for these events there were
no data from more than two radio stations and thus
the arrival direction could not be compared with that
from SD. Nevertheless this is the first time ever that
such an independent detection has been achieved using
Radio-Detection Stations [13].
Noise levels have been studied in detail. For this analysis
we have defined the root mean square (RMS) value
for 750 consecutive samples of each time trace with
have a sampling rate of 400 MS s−1. Using a digital
filter the analyzed signals were limited to the frequency
band between 50 and 55 MHz. The distribution of
these RMS values, measured for a period of almost one
year, are plotted in Fig. 4. This figure displays for two
polarizations the distribution of all the calculated RMS
values as a function of the local sidereal time (LST) for
one of the Radio-Detection Stations. For both directions
of the polarization, we recognize the same trend: an
increase in the RMS value around 18:00 LST (see also
Ref. [11]). This time coincides with the passage over
the Radio-Detection Station of an area near the galactic
center with an increased brightness temperature in the
radio frequency band [14]. These studies enable us to
monitor the overall detection threshold and the gain
pattern of antennas used.
The signal development of radio pulses induced
by UHE CRs in the atmosphere has been modeled
using extensive Monte-Carlo simulations, tracking
electron- and positron density distributions, and by
using macroscopic calculations [9]. In addition, a
modular detector simulation package has been written,
where various important components of the signal
Figure 7: The RMS as function of the local sidereal time, the color coding gives
the number of events in a certain bin. Upper left: Antenna 1 East - West. Upper
right: Antenna 1 North - South. Lower left: Antenna 2 East - West. Lower right:
Antenna 2 North - South.
To investigate the relation between the RMS and the dependence of the background
per frequency the average frequency spectrum is calculated per RMS value. This
is shown in Figure 8. Figure 8 indicates that high RMS values are due to two
different contributions: Narrow lines start to appear and the noise level over the
complete frequency range increases (narrow and broad band noise). However, this
figure does not imply that broadband and small band background levels increase
at the same time, since this is the average frequency spectrum. The narrow lines
are believed to be due to man-made emission (for example radio stations or com-
munication channels). The increase of the broadband background level is harder
to pin point down. Causes can be nearby electronic devices, power lines, weather
effects, atmospheric interactions etc.
In order to investigate the main behavior of the background in the frequency
domain, a selection is made. In each time bin of Figure 7, 80% of the total number
7
Fig. 4: RMS value of the noise level measured with
one of the Radio-Detection Stations as a function of the
LST filtered for the frequency band between 50 and 55
MHz. The plotted RMS values have been corrected for
cable losses and amplification between the output of the
logarithmic periodic dipole antenna and the receiver unit,
but n t for the ntenna gain. The grey scale indicates
numb r of counts per hour and per 0.012 µV MHz−1.
The data were collected between May 2007 and April
2008.
development as it passes through the electronics
chain can be simulated and compared with data [15].
A conceptual design has been made for the offline
analysis and visualization codes [16]. This package will
be merged with the standard offline analysis which is
being used for the analysis of data obtained with the
other detector systems used in the Observatory.
III. AERA: THE 20 KM2 ARRAY
The baseline parameters for AERA are about 150
Radio-Detection Stations distributed over an area of
approximately 20 km2. Figure 5 shows an areal view
of the site. AERA will have a core of 24 stations
deployed on a triangular grid with a baseline of
150 m. This core is about 4 km east of the Coihueco
fluorescence telescope; it provides an excellent overlap
for events which will be observed with both detection
systems. Around this core, there will be 60 stations on
a triangular grid with a pitch size of 250 m. Finally,
the outer region of AERA will have 72 stations with
a mutual distance of 375 m. Each Radio-Detection
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Fig. 5: Areal view of AERA at the western part of the Pierre Auger Observatory. Radio-Detection Stations are
denoted as dots, detectors of the SD Array as triangles. All coordinates are relative to the Coihueco fluorescence
building; see also Fig. 1.
Station will operate on solar power and has its local
data-acquisition. Like the SD of the Observatory, event
definition will be based on timing information sent
through wireless communication by the Radio-Detection
Stations to a central data-acquisition system, located
near the center of AERA. The design of the antennas
and of the electronics will be optimized to have a
high sensitivity in the frequency band between 30 and
80 MHz. Every Radio-Detection Station will have a ring
buffer which can contain streaming data (4 channels,
200 MS s−1, 12 bits per sample) for a period of 3 s.
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Fig. 6: Expected number of events per year as function of
the shower energy according to extrapolations of LOPES
and CODALEMA measurements as well as Monte-Carlo
simulations, based on the REAS2 code and with zenith
angle Θ < 60◦; see text for details.
The expected performance of the array has been
calculated applying different methods. Measurements
of the lateral distribution of the radio signal as obtained
by the LOPES [17] and CODALEMA [18] experiments
have been taken into account as well as shower
simulations with the REAS2 code [19]. To estimate the
expected event rates, the effective area is multiplied
with the cosmic-ray flux. The present estimates are
based on the spectrum measured by the Pierre Auger
Collaboration [20]. The flux below 1018.45 eV has been
extrapolated, assuming a spectral index of −3.3, which
is typical for the energy region between the second
knee and the ankle, 1017.6 - 1018.6 eV. The expected
number of events per year is depicted in Fig. 6 for the
three different approaches. The main difference between
the approaches is in the threshold region, where the
largest uncertainty comes from the extrapolation of the
flux spectrum to lower energies. Taking a conservative
approach and using the CODALEMA and LOPES
extrapolations, the threshold for the radio array is
around ≈ 1017.2 eV.
Summarizing, AERA will be the first large radio-
detection array for the observation of UHE CRs. As
it will be co-located with the other detector systems
of Auger it will provide additional and complementary
information on air showers which can be used, e.g., for
the determination of the composition of UHE CRs.
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